NONINVASIVE Doppler ultrasound techniques have recently been shown to be useful in the identification of individuals with aortic stenosis and in the quantification of the severity of the transvalvular pressure gradient.'1-According to the Doppler principle, the frequency shift of ultrasound reflected from moving blood cells is directly proportional to the velocity of the cells and inversely proportional to the cosine of the angle between the ultrasound beam and the direction of cell motion. Spectral analysis of these reflected signals allows the characterization of cardiac blood flow patterns downstream from cardiac valves. Flow through and distal to a normal valve is fairly blunt and contains a narrow band of velocities; most cells are moving at nearly the same velocity and direction.6 8, 10. As blood traverses a stenotic valve, a high velocity jet forms within and downstream from the orifice." 12
NONINVASIVE Doppler ultrasound techniques have recently been shown to be useful in the identification of individuals with aortic stenosis and in the quantification of the severity of the transvalvular pressure gradient.'1-According to the Doppler principle, the frequency shift of ultrasound reflected from moving blood cells is directly proportional to the velocity of the cells and inversely proportional to the cosine of the angle between the ultrasound beam and the direction of cell motion. Spectral analysis of these reflected signals allows the characterization of cardiac blood flow patterns downstream from cardiac valves. Flow through and distal to a normal valve is fairly blunt and contains a narrow band of velocities; most cells are moving at nearly the same velocity and direction. 6 8, 10 . As blood traverses a stenotic valve, a high velocity jet forms within and downstream from the orifice. " 12 Around and just beyond the jet, flow is turbulent and contains a broad band of velocities; cells are moving in multiple directions with many different velocity magnitudes. " ' . 1'' 14 Both the high-velocity and turbulent regions contain information useful in the quantification of aortic stenosis.
Two different approaches have been developed for the assessment of aortic stenosis with Doppler ultrasound. The first approach measures the peak velocities immediately downstream from the stenotic valve by means of continuous-wave Doppler instruments. It has been demonstrated that the square of the jet (or peak) velocity through a stenotic aortic valve is proportional to the transvalvular pressure gradient.4 5 7 ' 5 Although continuous-wave Doppler measures the sum of reflected signals from the entire cylinder of ultrasound under the transducer, it has been assumed that the peak frequency shifts measured within the cylinder during systole represent primarily the stenotic orifice jet. The systolic mean of all the squared instantaneous peak frequency shifts (representing the average jet velocity) has been used to estimate the mean transvalvular gradient. Since continuous-wave Doppler is easy to use, able to measure high velocities without aliasing, and generally has better signal-to-noise characteristics than pulsed systems, this technology has been used most commonly to measure these high and often difficult-todetect peak frequency shifts.
It has been shown by several investigators that the presence and magnitude of turbulence or "spectral broadening" throughout systole downstream from the aortic valve can also be used to quantitate mean systolic pressure gradients.4 6 8. 16. 17 Since pulsed Doppler allows both selective sampling at sites specified by the operator and registration of the sampling site on an accompanying two-dimensional echocardiographic image, it has been the technique of choice for measuring turbulence at selected anatomic locations. Unfortunately, aliasing resulting from the pulsed nature of the technique has frequently prevented accurate measurement of the high velocities (both turbulence and jet) present in moderate-to-severe aortic stenosis.468 However, the recent availability of commercial highpulse-repetition frequency Doppler instruments that can double or triple the sampling rate (at the expense of sampling more sites or sample volumes along the beam) has significantly reduced aliasing problems within the heart and aorta.
However, controversy exists over the relative accuracy of these separate and independent techniques over a wide range of valve areas, pressure gradients, and volume flows.'8' ' 1 The limits of performance have never been adequately demonstrated; such a controlled study is impossible in humans because of the inability to change volume flow and valve area over a wide range in the same patient. The purpose of this study was to accurately measure the relationship of both continuous wave-indicated peak frequency and pulsed Doppler-indicated spectral turbulence measurements to mean systolic gradients and orifice areas in a highly controlled pulsatile flow model representing an independent range of cardiac outputs and valve areas. flat latex diaphragm supravalvular snare was placed just distal to the open porcine valve. The valve-snare combination was calibrated at multiple orifice sizes by timing the flow of a known volume of fluid from a constant pressure source through the orifice. The effective area results were confirmed by replacing the valve-snare with a series of fixed diaphragms of known orifice size and repeating the calibration process.
The system was filled with a mixture of glutaraldehyde-fixed canine red blood cells, glycerine, and water adjusted to produce a hematocrit of 40% and a viscosity matching that of whole human blood. Systemic resistance was then set to a normal human value of approximately 1300 dynes-sec-cm -5with measured mean aortic pressure and flow. Capacitance was then adjusted to produce expected pressure curves (figure 2).
Pressures in the ventricle and aorta were measured simulta- 
were included in the integration. This parameter was also averaged over 3 consecutive beats. Although minimal aliasing occurred in the pulsed Doppler strip-charts obtained at effective valve areas less than 1.25 cm2 at 4.5 liters/min and less than 0.75 cm2 at 4.0 liters/min, the systolic spectral areas were integrated as they appeared without attempts to interpret the degree -13 mm Hg). As can be seen in figure 4, figure 5 .
Relationship of Doppler parameters to valve area. After plotting MSPF and SEA against valve area for each flow rate (figures 6 and 7), an exponential correlation was noted for each volume flow observed (r = .97 to .99). However, when the data points from all volume flows were considered together, both MSPF and SEA were highly dependent on volume flow as might be expected. If the flow rate can be determined from some independent source, however, it is interesting to note that both parameters It should be noted that holding the systemic resistance and compliance constant for all model flows and valve areas resulted in systolic ventricular pressures over 180 mm Hg for valve areas less than 1.5 cm2 at flows over 4.5 liters/min. Since 180 mm Hg was the mechanical pressure limit of the model, Doppler measurements at higher flows were not possible. Aliasing problems common to pulsed Doppler examinations of aortic stenosis were significantly reduced by the highpulse-repetition frequency technology of our instrument. It was noted in the study that standard pulsed Doppler records contained aliasing that would have prevented estimating SEA in more than half of the 
Discussion
These data imply that both continuous wave-measured MSPF and pulsed Doppler-measured SEA can be used to accurately predict the mean systolic gradients across stenotic aortic valves. Both were fairly independent of volume flow in this gradient prediction. Predicted gradients were most reliable in mild-tomoderate stenoses. Pulsed Doppler SEA was slightly more accurate in gradient estimation in moderate-tosevere stenoses, with a smaller standard error. MSPF appeared to be more accurate in mild stenoses where the spectral area tended to overestimate gradients. If flow can be determined from an independent source, both continuous wave and pulsed Doppler have the potential to estimate the actual valve orifice area. Recently described noninvasive ultrasound techniques for determining cardiac output'8 19 promise this accuracy.
As might be expected, the largest gradient estimation errors from the continuous-wave peak frequency technique occurred in situations where measurement of peak frequencies is the most difficult, in small valve areas and high gradients. In a narrow, high-velocity jet only a very small percentage of backscattered energy received by the instrument is Doppler shifted by the cells in the jet. The amount of energy returned to the transducer is not a function of frequency shift but of the number of reflecting cells. This small amount of energy may be difficult to image, making jet velocities difficult to quantitate. The difficulty of detecting the jet in adults with moderate-to-severe stenosis and the tendency of the continuous-wave peak frequency parameter to underestimate the severity of the gradient has been noted in several studies.4 7'`There is also theoretical evidence that suggests continuous wave-measured peak frequencies may be affected by the presence of turbulence,20 which would reduce the correlation of this parameter with higher systolic gradients. Turbulence has been shown to exist well into the transverse aorta in even moderate stenosis. '4 In addition, continuous-wave returns from turbulent flow in the ascending aorta are closer to the transducer and proportionally stronger than returns from the jet region near the valve, which would serve to increase this effect. It may also frequently be the case in the human preparation that the jet orientation is at a significant angle to the ultrasound column, causing further errors in estimation of the true jet velocities.
Pulsed Doppler turbulence measurements in the form of the SEA produced a smaller standard error in 134 gradient estimations. In addition, turbulence measurements are much less dependent on beam angle than peak frequency measurements.6 8 Since turbulence occurs over a wider area, accurate position of the ultrasound column is probably less critical. Pulsed Doppler reduces the effect of stronger returns from flow nearer the transducer by sampling flow only at a desired depth. Since knowledge of the anatomic location of the flow being sampled by pulsed Doppler is provided by concomitant two-dimensional imaging, this technique may be more relevant when multiple valve lesions are present.8 Unfortunately, pulsed Doppler instruments suffer from slightly lower signal-to-noise ratios than the simpler continuous-wave devices. We have also previously noted that aortic regurgitation reduces the correlation of spectral envelope parameters with mean gradients6; the effect of regurgitation on pressure gradients predicted by peak frequency has not been described.
It should be noted that the proximal sample volume in high-pulse-repetition Doppler frequently resides in flow during examinations in vivo when flow near the aortic valve is being sampled from either the apical or suprasternal window. Although this makes peak frequency measurements difficult to obtain, effective turbulence measurements can still be made. Our experience is that turbulence persists sufficiently to allow adequate sampling higher in the ascending aorta. This frequently allows the proximal sample volume to be moved out of either carotid or aortic flow when the suprasternal approach is used. 8 In conclusion, this study in a pulsatile flow model suggests both pulsed Doppler-measured turbulence and continuous wave-measured peak frequency parameters have the potential to provide a noninvasive, accurate quantification of aortic stenosis.
